Our model of the MUC2 mucin shows a well-organized netlike gel that is cross-linked by six different covalent and noncovalent bonds. When the MUC2 mucin is packed in the mucin granule it is organized by an amino-terminal concatenated ring platform formed at high calcium and low pH. This packing allows an ordered release and a normal mucin expansion when calcium is removed and pH increased by bicarbonate. This process is defective in the absence of cystic fibrosis transmembrane conductance regulator (CFTR)-dependent bicarbonate transport. The expanded secreted mucin is suggested to be self-organizing by properties inherited in the MUC2 mucin and by proteolytic processes.
M
ost of the organs affected in cystic fibrosis (CF) patients, except the sweat glands, can be attributed to the CF viscous mucus phenotype. Tubular organs, such as exocrine pancreas and epididymis, are often clogged by mucus already at birth. The small intestine can also be obstructed by the mucus-rich meconium to give meconium ileus at birth. CF adults often also experience intestinal pain and sometimes DIOS (distal ileum obstruction syndrome). However, most commonly and seriously, the slow and stagnant mucus of the lungs give persistent bacterial lung infections.
What is mucus then? Mucus is the gel-like material found on all mucosal surfaces. Its major component is one or several gel-forming mucins, discussed by Kreda et al. (2012) . Mucus, depending on the organ, contains a number of specific components in addition to the mucins, such as, for example, exfoliated cells and other trapped materials. The function of mucus is to protect the underlying epithelium and to act like glue, which can trap and transport away debris and microorganisms found in the mucus gel. The CF pathologies can, in a simplified way, be understood as mucus that is trapped and stickier than normal.
Understanding mucus requires an understanding of mucins, which has, however, proven to be difficult as is reflected by this and Verdugo (2012) . Verdugo (2012) and this article together give two almost completely contradictory models of how mucins are organized, largely because each group of investigators takes a different scientific starting point. Verdugo views mucus from "above" and explains its properties in terms of biophysical and macromolecular approaches generated in the polymer science of large synthetic polymers. The view in the present work, however, is based on recently acquired knowledge of mucin biochemistry and the characterizations of molecular details of gelforming mucins. This views mucus from "below" and tries to assemble more detailed knowledge into models of mucus and mucus function. At first glance, these two models may seem totally incongruent. However, this is probably not the case because different mucus gels, formed by different mucins, show different organization and function. Before describing the biochemical model of mucins, one major feature must be discussed, the glycans.
THE DENSELY O-GLYCOSYLATED MUCIN DOMAINS
A high content of glycans, especially the O glycans (or as they are often incorrectly referred to, the mucin glycans) is typical of mucins. These glycans are densely clustered in the so-called mucin domains of the protein core to extend and make the mucin domains rodlike (Andersch-Björkman et al. 2007; Lang et al. 2007; Holmen Larsson et al. 2009) . A bottle brush with its metal core in the center as the mucin protein backbone and the glycans forming the bristles are often used to explain this. The protein core is rich in the amino acids serine and threonine that anchor the O glycans. These amino acids are interspersed with prolines giving the peptide a random coil structure that allows the peptidyl-GalNAc transferases of the Golgi apparatus to attach N-acetylgalactosamine as the first O-linked sugar. The amino acid sequences of these domains have been poorly conserved during evolution, but can be identified as PTS sequences in the genome as long stretches of nucleotides that encode high frequencies of the three amino acids: proline, threonine, and serine (PTS) (Lang et al. 2004 (Lang et al. , 2007 . These PTS sequences often contain more or less perfectly repeated sequences, but this is not always the case. These sequences are often called VNTR for variable number of tandem repeats, but this name is misleading as there are a number of mucins with heavily degenerated repeats and no repeated sequences can be identified. Nonetheless, long stretches of .100 amino acids with a high frequency of the proline, threonine, and serine amino acids are characteristic of these domains.
The highly glycosylated mucin domains have, for mucins, the important biophysical property of binding water. This and their polymeric nature generate the gel-like properties typical for mucins. The numerous hydroxyl groups of the individual monosaccharides account for most of the high water-binding capacity. The presence of negatively charged groups in the form of carboxyl groups on the sialic acids and sulfate groups contributes further to waterand ion-binding capacities. As the glycosylation is encoded by specific transferases, the glycans on one and the same mucin protein core can vary enormously in different organs and even more so among the same organ in different species. These differences are, for example, determined by blood-group-type glycan epitopes (i.e., ABH, Lewis, etc., histo-blood-group systems). Such polymorphisms are beneficial for the host in constant battle against pathogenic organisms (Gagneux and Varki 1999) . Although still debated, it is less likely that specific mucin glycans contribute very much to differences in mucus properties.
THE BIOCHEMICAL PERSPECTIVE ON MUCINS
Our view of mucins and how they form mucus starts with the MUC2 mucin ). This is the major mucin in the small and large intestine and as such can be expected to be exposed to the harshest conditions of all mucins (Gum et al. 1994 ). This will probably place the MUC2 mucin at one extreme and as such be one reason for its properties as compared with the linear polymer model traditionally given to mucins as discussed by Verdugo (2012) . A major conclusion from our work on the MUC2 mucin is that mucus gels are very well-organized structures, much more than considered previously. This organization is based on the structure of its major building block, the MUC2 mucin monomer (Fig. 1) .
The MUC2 mucin builds the structure of the two-layered mucus of colon (Johansson et al. 2008) . The inner mucus layer that is 50-to 100-mm thick (mouse) is anchored to the epithelium and impenetrable to bacteria. Thus, this layer keeps all the bacteria at a distance from the underlying epithelial cells. This inner layer is converted to an outer mucus layer that is less dense and forms the habitat of the commensal bacteria . The inner layer has a stratified appearance and seems well organized. The organization of the MUC2 mucin in the mucus must be spontaneous owing to builtin properties and interactions.
As discussed by Verdugo (2012) , the view of mucins as long linear polymers that give gel-like properties by entanglement has dominated the mucin field for decades. In contrast, we argue that the mucus gel is formed by a heavily crosslinked network with intrinsic biochemical interactions and properties. Today we know of six different types of covalent and noncovalent interactions within the MUC2 mucin that are all, except one, incompatible with a model of entangled linear polymers as a structural basis for mucins.
The MUC2 monomer is made of 5174 amino acids organized in an amino terminus with three complete and one partial von Willebrand D domains (VWD), two PTS sequences that give two mucin domains, and a carboxy-terminal end of 840 amino acids with one VWD and a cysteine-knot (CK) domain (Fig. 1, top) (Gum et al. 1994) . The MUC2 mucin also contains two CysD domains in the central PTS-containing region (only the second one between the two mucin domains is shown in Fig. 1 ).
After folding in the endoplasmic reticulum, the primary translational MUC2 product is directly dimerized via its carboxy-terminal end with a cleavage GD/PH site and two without. As for MUC2, the GD/PH bond is cleaved and will crosslink, for example, MUC2.
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Cite this article as Cold Spring Harb Perspect Med 2012;2:a014159 CK (Fig. 1A) . Disulfide bonds between the CK domains form this dimer as in other dimeric proteins with CK domains (Asker et al. 1995 Lidell et al. 2003b) . The dimers are then transported into the Golgi apparatus to be Oglycosylated. The mass of the dimer increases about fivefold owing to the glycans, to 5 MDa.
In the trans-Golgi network, the mucin dimers are sorted to the regulated secretory pathway and the MUC2 amino termini form disulfide-bonded trimers (Fig. 1B) (Godl et al. 2002) . The trimerization takes place in the VWD3 domain, a part of the molecule that is very dense and has the appearance of a trefoil when studied by molecular electron microscopy. There have been some discussions on the trimeric nature of the MUC2 amino termini, but these have been based solely on migration on SDS-polyacrylamide gels (Heazlewood et al. 2008) . The reason for this discussion is that the nonreduced trimer is just a bit larger than two times the size of the reduced monomer. However, this is in fact proof of the nonreduced MUC2 being trimeric as the nonreduced MUC2 monomer is compact and migrates faster than the reduced form. Also, the porcine submaxillary mucin (PSM) forms amino-terminal trimers (Perez-Vilar and Hill 1998). Unfortunately, we do not have any details of the other human mucins, as these have not been expressed as truncated forms that would allow any final conclusions about their dimeric or trimeric amino-terminal nature. However, recent studies of the MUC6 amino termini also suggest a trimeric organization (Leir and Harris 2011) . It is possible that some mucins still have amino-terminal dimeric forms as first assumed (Gum et al. 1994 ), parallel to the von Willebrand factor that is dimeric, and thus form linear polymers (Sadler 2009 ). Some biophysical and biochemical data may suggest that the MUC5B mucin and perhaps the MUC5AC are dimeric (Sheehan et al. 2004; Thornton et al. 2008) .
During the later stages of the secretory pathway, probably after sorting to the regulated pathway and at the time of trimerization, the MUC2 mucin becomes insoluble in normal buffers . This occurs at the same time the nonreducible bond is formed as indicated by the appearance of nonreducible dimers after reduction of the disulfide bonds analyzed by gel electrophoresis. The same type of bond was first observed in mature, secreted mucus from the intestine, where the MUC2 mucin is also insoluble in chaotropic salts like guanidinium chloride (Carlstedt et al. 1993; Herrmann et al. 1999) . The nature and localization of the nonreducible covalent bond remains a mystery (Fig. 1C) .
The MUC2, MUC5AC, and MUC5B mucins all contain two or more CysD domains. This domain is 100 amino acids long and contains 10 conserved Cys residues. After intensive studies on the second CysD of the MUC2 mucin we have concluded that these domains form noncovalent dimers that are held together by strong hydrophobic forces (Fig. 1D) (Ambort et al. 2011) . That no disulfide bonds are involved in forming the dimers became evident from the observation that all five disulfide bonds could be attributed to intramolecular disulfide bonds. It was previously suggested that the CysD domains of MUC5AC do not interact (Perez-Vilar et al. 2004 ), but our present and unpublished results strongly indicate that like the MUC2 CysD domains, MUC5AC CysD domains also form noncovalent dimers.
During our studies of the MUC2 mucin, we have also found two additional types of MUC2 cross-links. An autocatalytic cleavage of the VWD4 domain at the GD/PH amino acid sequence was found to be enhanced at a pH close to 6 (Fig. 1E) (Lidell et al. 2003a ). This type of cleavage also occurs in the VWD4 of the MUC5AC mucin (Lidell and Hansson 2006) . The new carboxy-terminal aspartate forms an internal anhydride between its new carboxyterminal carboxyl group and its side chain. Such anhydrides are very reactive, both with primary amines and hydroxyl groups. As such groups are numerous on mucins, especially hydroxyl groups, it is very likely that covalent bonds will be formed in mucus and thereby stabilize the mucin network just as fibrin is stabilized for mechanical strength. It should also be pointed out that the MUC2 and MUC5AC mucin polymers are still held together over the GD/PH cleavage by one or several disulfide bonds that bridge this sequence.
Recently, we showed that another protein, FCGBP, is covalently bound to MUC2 mucin in the large intestine (Fig. 1F) (Johansson et al. 2009 ). This protein was erroneously named immunoglobulin G Fc-binding protein. It contains 13 VWD domains that are closely related to the VWD4 domain of MUC2 as 11 of 13 of the VWD contain a GD/PH sequence that can be cleaved like the VWD4 of MUC2. The cleaved FCGBP parts remain associated by disulfide bonds. The amino-terminal portion of the FCGBP was found covalently attached to MUC2, which seems compatible with binding via the emergent carboxy-terminal aspartates. Also in this case, there is no detailed information on how and where FCGBP is bound, but its structure suggests that it can cross-link several MUC2 mucins to stabilize the mucus gel.
To summarize, our model of mature MUC2 mucin suggests a well-organized netlike gel that is cross-linked by five different covalent bonds and one noncovalent bond. It also suggests that the mucus is self-organized, as determined by properties inherent in the MUC2 mucin molecule.
PACKING OF MUCINS
The oligomeric status of the mucin amino termini is not only important for mucus, but also for how mucins are stored in the goblet cell granules. The von Willebrand factor multimers are packed as long spirals that make up the Weibel-Palade bodies (vesicles) in endothelial cells. The von Willebrand factor is unpacked by a slow unwinding of these spirals into a long polymeric "rope" that is pulled out by and follows the blood flow (Huang et al. 2008; Sadler 2009 ). This slow unwinding differs from the release of mucins in which mucin granules are released by a quick burst within seconds or milliseconds. To avoid severe mucin entanglement that would hinder the 1000-fold expansion in volume on release, the mucin release must be well organized. Thus mucins must be packed differently from the von Willebrand factor protein.
We recently showed that the MUC2 aminoterminal mucin is packed in goblet cell granules as condensed concatenated rings formed by one amino-terminal trimer in each corner of largely six-sided rings, but five-and seven-sided rings have also been observed . The amino-terminal covalent trimers (Fig. 2,  blue) interact by noncovalent forces generated after the VWD1 and VWD2 domains are folded back onto the VWD3 domain. This organization in amino-terminal rings is induced by high Ca 2þ -ion concentration and low pH created along the secretory pathway. In our experimental system, rings were formed by 50 mM Ca 2þ and a pH of 6.2 . These rings concatenate into relatively flat surfaces from which the rest of the mucin extends vertically (or perpendicularly) as illustrated in Fig. 2 . In this model, the MUC2 mucin is shown in a two-dimensional (2D) reconstruction, and the mucin domains as extended linear rectangles (rods in 3D). The dimeric carboxyl termini of the MUC2 mucins are joined at the other end ( Fig. 2A) . This model gives the expected, wellorganized packing of mucins in the granules, in contrast to previous models of mucin packing (Verdugo et al. 1987) , which was suggested to be solely because of shielding of negative charges. Nevertheless, in our model, mucins with negatively charged O glycans must have 
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THE ORGANIZED RELEASE OF MUCINS TO FORM THE MUCUS
Mucin packing as described in Fig. 2 is compatible with rapid mucin expansion and quick release when the Ca 2þ ions are removed and pH increased. When these cations are removed, the noncovalent interactions maintaining the concatenated ring structure is weakened and the trimeric amino termini start to separate, as illustrated in Fig. 3 . When the amino termini start to separate, the dimeric MUC2 carboxy-terminal end "descends" and allows the trimeric amino terminals to spread apart until the net becomes flat. The unfolded mucin will, because of its dimeric carboxy termini and trimeric amino termini, spontaneously form a flat netlike structure with an inherent tendency to spontaneously form sheets (Fig.  4A) . The organization of mucus found in colon is likely to be of this type. Studies using both electron microscopy and fluorescent microscopy support the case and show that the inner mucus layer is a laminated, stratified structure (Johansson et al. 2008; Ambort et al. 2012) . Thus, we propose a model in which the mucins tend to spontaneously, upon secretion, reorganize into flat, netlike structures.
With these concepts in mind, the netlike structure of the MUC2 mucin forms stacked sheets, and with each layer of the net shifted slightly the CysD domains should fit together (Fig. 4B) . Although we have no formal proof of this structure, it is tempting to use it to explain the molecular sieving property of the inner mucus layer of the colon. Typically, the CysD domain is located between mucin domains, and thus, the length of the extended mucin domains determines the pore size of the mucus. Interestingly, the MUC2 mucin that is found in intestines that must permeate nutrients have longer mucin domains, whereas MUC5AC and 5B mucins found in stomach and lungs, where only gases, water, and ions must permeate, have shorter mucin domains between the CysDs.
The model in Fig. 4 represents our current understanding of how MUC2 mucin is organized in the inner colon mucus layer. However, there is more to be discovered in how the actual mucus gel is organized. Proteolytic cleavage within the mucin polymers is an important additional event that will clearly have a large impact on the mucus structure. These processes will alter the mucus properties. Although we do not have any molecular details yet, it is clear that the conversion from the inner to the outer mucus layer of colon as well as the fourfold expansion in volume found in colon mucus is owing to proteolytic activities (Johansson et al. 2008 . These proteolytic activities do not necessarily lead to polymer disruption as these can cleave the MUC2 in positions in which the intramolecular disulfide bonds can still maintain a covalent polymeric network, although the more penetrable mucus will also allow bacteria to enter .
DIOS is a relatively common, poorly understood problem for CF patients. The mucus of the small intestine is, just as for colon, built around the MUC2 mucin. However, small intestinal mucus does not show an inner mucus layer like the colon (Atuma et al. 2001; Gustafsson et al. 2012) . Instead, it has only one mucus layer that is penetrable to bacteria . How MUC2 mucin generates such different mucus properties is still not fully understood, but most likely the differences between the large and small intestine are owing to specific proteolytic processing of MUC2 in the small intestine.
THE IMPORTANCE OF BICARBONATE
As discussed, the unpacking of mucins requires removal of Ca 2þ and an increased pH. The natural agent that can accomplish this is HCO À 3 . The capacity of cystic fibrosis transmembrane conductance regulator (CFTR) to support HCO À 3 transport will thus be very important for mucin release as pointed out by Quinton (2008) and shown for both the cervix and small intestine (Garcia et al. 2009; Muchekehu and Quinton 2010) . We have recently shown that the ileal mucus of CF mice appears anchored to the epithelium , which is in contrast to the small intestine of wild-type animals where the mucus is easily aspirated and penetrable to beads the size of bacteria. In the CF mice, the mucus is two to three times more dense than normal (measured as MUC2 content per volume) and is impermeable to beads the size of bacteria. Remarkably, CF mucus properties appear to be reverted to normal when the mucins are excreted into 115 mM HCO À 3 or 20 mM EDTA . The volume of the CF mucus also expands more normally when HCO À 3 is added to luminal fluid, which does not occur with wild-type mucus and indicates that the mucus is only partly expanded.
DISCUSSION
Although the above discussion takes its start in the biochemical nature and properties of the intestinal MUC2 mucin, there is no doubt that this knowledge can be applied also to the respiratory mucus. The surface mucin of the trachea is MUC5AC, the mucin with the most structural similarities to MUC2. We note that the MUC5AC mucin normally appears to form only one type of mucus in the lungs, whereas it too can form a two-layered system in the stomach, and thereby is similar to the different layers of the MUC2 mucin in the small and large intestine.
This review should be taken together with the views by Verdugo (2012) . Our different views of mucus and mucins are obvious, and present in two different models: perfectly linear molecules or complex heavily cross-linked polymeric networks. In other aspects we are in agreement; for example, the importance of Ca 2þ chelation for mucin release, although the explanations for the effects differ. Verdugo believes the major effect of Ca 2þ is to shield the negative charges of the O glycans, whereas we believe the major effect is on the amino-terminal portion of the mucins as packed in the mucin granules. Despite our expertise in glycan chemistry, we believe that glycans are not that important for mucus formation, which contrasts directly with Verdugo. We do not claim that any of these models give a final answer, but that there are elements in both views that are likely correct. The highly cross-linked mucus is probably converted to less cross-linked forms by well-controlled proteolytic activities and thus mucus will become more linear, although it would never reach an ideal random linear thread. However, many biochemical details are still unknown. We have not yet studied the polymeric organization of any of the other gel-forming mucins or the packing organization in their storage granules. Mucins are complex and it will take quite some time until we are able to present a final and comprehensive model of normal mucus gel or of that found in CF patients. However, the importance of the CFTR channel for transporting bicarbonate for proper mucin release will provide novel therapeutic possibilities also, without a full understanding of the mucus gel.
